This oxygenator is a self-contained unit with an oxygen disperser, heat sealed in the lower end of the * National Heart trainee, U.S.P.H.S.
automatically regulated by a thermostat § (set at 400 C.) placed in the pocket designed for this element (Fig. 1) .
THE BLOOD PUMPS
In all of our clinical experience to date the previously described (Lillehei, Cohen, Warden, and Varco, 1955) Table I . This report will deal more specifically with the last 15 dogs in which the latest model (IV) of the oxygenator has been tested (Figs.  1, 2 ). This oxygenator is capable of oxygenating completely blood flows up to 1,000 ml./minute. A larger unit similar in design can oxygenate blood flows up to 3,500 ml./minute. Test data derived with its use will be presented in a subsequent report.
METHOD OF PERFUSION
Before starting each perfusion the oxygenator unit is suspended from the spring scale and the filter chamber is filled in a retrograde manner with normal saline so as to eliminate air from the filter mesh. The residual filling of the oxygenator is then done with normal saline through the priming tube. This saline serves for calibration of the arterial head of the pump.
When the rotating cam pump was used, as in the metabolic studies (Tables I, II) , the arterial head was calibrated to deliver 35 ml./kg.fmin. against a resistance of 100 mm. Hg. This delivery was achieved by placing a screw-type clamp at the distal end of the arterial limb and monitoring the pressure proximal to the clamp. Usually this arterial pump setting was not altered during the perfusion, but preferably the venous cam was adjusted so as to maintain a constant volume of blood within the oxygenator as determined readily by reference to the supporting scale. (It is worthy of emphasis that in perfusions carried out in desperately ill infants, weighing 2 to 4 kg., an imbalance of as little as 50 ml. of blood in either direction may be crucial in determining success or failure.)
For these perfusions dogs, 13 to 20 kg. in weight, were anaesthetized with 21 % pentothal and placed on a cam type respirator utilizing compressed air. Clean but not sterile technique was used. A right thoracotomy was performed and the arterial and venous cannulations were effected after heparinizing the animal with 12 mg./kg. body weight.
Fresh canine arterial blood from an unanaesthetized donor (18 mg. of heparin dispersed in 30 ml. of normal saline in each 500 ml. of blood) was then introduced into the oxygenator so that the level was well up into the debubbling chamber. (Anectine is given intravenously to paralyse the dog, and procaine is used for local anaesthesia. Use of a general anaesthetic in the donor animal may result in the patient dog dying without awakening after an otherwise successful perfusion due to an overdose of anaesthetic.) One thousand millilitres of blood has been a convenient quantity to prime this oxygenator.
FIG. 2.-The plastic sheet oxygenator (Model IV).
The oxygenator photographed during a perfusion with the adustable rotating cam pump. The essential elements of this oxygenator, consisting of the mixing tube, debubbling chamber, and the inclined plane settling chamber may be noted. Below: The pump motor is on the right, and the arterial and venous pumping heads to the left. The blond is massaged unidirectionally by the non-occlusive rotating cams, which are adjustable while the pump is in motion by means of the knurled set screw located at the hub. To start the perfusion 100% oxygen was allowed to flow through the disperser at a rate such that an uninterrupted column of bubbles rose gently in the mixing chamber. Fig. 4 depicts the relationship of flow to output resistance when I in. internal diameter latex pump hose was used in the adjustable rotating cam pump. Each curve represents a specific, constant hose compression by the pump cam. Graphs with a similar configuration were obtained for the other sizes of pump hose tested. It appeared that -3 in. internal diameter latex gum rubber pump hose was superior for flows up to 400 ml. /min., I in. for flows from 400 ml. to 1,200 ml. /min., f in. for flows from 1,200 to 2,000 ml. /min., and I in.
tubing was suitable for blood flows from 2,000 ml. up to 4,000 ml./min.
Reference to Fig. 4 reveals that, for example, with the arterial head of the cam pump calibrated to deliver 500 ml./min. at 100 mm. Hg, when the patient animal's systemic pressure fell to 70 mm.
Hg, the output increased to about 675 ml./min.
Using the " sigmamotor " pump with its principle of complete compression of the pump hose the output would not vary despite this pressure change.
Additional confirmation of this concept is demonstrated where the flow lines became more vertical at the right side of the graph. This fact, of course, indicates that the pump output is less affected by output resistance at these higher flows, since here nearly complete compression of the pump hose by the cam is required.
OXYGENATOR MODELS AND EFFICIENCY OF FUNCTION. -Fig. 1 depicts diagrammatically the version of the oxygenator to date (Model IV). It has now been adopted for clinical trial on the basis of these experimental studies.
Research carried out on the earlier models led to the present configuration of the oxygen disperser shown in Model IV. The design of the disperser and also its relationship to the venous inflow at the base of the mixing tube have proved important factors influencing the efficiency of oxygenation. These initial models differed also somewhat in regard to chamber size and configuration.
Data regarding the earlier models are presented briefly in Table I , and data from Model IV perfusions are presented in Table II. Table I shows the four types of dispersers diagrammatically. The oxygen disperser of Model I consisted of a plastic sack with many perforations and a venous blood-entry tube opened below this. The mixing chamber also had an effective diameter of only operated upon for survival during testing with this design. Despite the superior accomplishments with Model II, too much blood remained sequestered in the lower end of the mixing chamber and a better column of bubbles was sought for through use of a horizontally placed perforated membrane as the oxygen dispenser. Model III tested this change. Initially, there were a relatively few, very fine perforations, which then emitted oxygen under high pressure. Although this design gave an excellent FIc. 4 column of bubbles it brought about lethal changes in the blood through the degree of trauma caused by the oxygen jets entering the blood under such high pressures (Table I) .
The dispenser was then altered so as to contain approximately 50 larger perforations. With subsequent tests with these changes haemolysis has been minimal, the oxygenation excellent, and the column of bubbles rises gently from a minimum pool of blood in the mixing chamber (Model IV).
BIOCHEMICAL OBSERVATIONS ON MODEL IV OXYGENATOR.-The data from the last 15 dogs perfused with the Model IV oxygenator (Figs. 1,  2 ) and using the rotating cam pump are presented in Table II . All studies were done with the animal's body temperature maintained in a normal range.
Oxygenation Data.-The pump flow rates listed were measured near the termination of the 60-minute perfusions when samples for the final blood chemistries were drawn. The average pump flow per unit time throughout the perfusion was, in most cases, about the same as this figure. One may note that the degree of oxygenation imparted to the venous blood was excellent, averaging 96%.
Acid Base Balance.-The final arterial pH after a total body perfusion for 60 minutes invariably approximated to normal values, and the average value for these 15 animals was 7.48. The fact that the arterial pH values remained in the normal range during these prolonged perfusions indicated that there had been an efficient maintenance by the pump-oxygenator of the animal's acid base balance. As a more precise measure of any acid base alteration in these dogs, the total plasma bicarbonate (alkaline reserve) was also determined and the average HCO3 deficit for these animals was only 8.20 millimoles/litre. This seems to be a reasonable loss after one hour of total cardiopulmonary by-pass. This fall in the alkaline reserve was due in part to a slight to moderate rise in fixed acids as deduCed from lactic acid determinations (Table II) . It is worthy of emphasis that these values assessing acid base balance represented the animals' own responses to the perfusions, since no base was administered to any dog.
Haematological Changes.-The average plasma haemoglobin rise was 77 mg. %. This degree of haemolysis in 60 minutes is considered to be a very acceptable value, in view of the well-recognized fact that canine red blood cells are fragile in comparison with human red blood cells. It may be noted that in some perfusions there was virtually no detectable haemolysis. Usually when the plasma haemoglobin was in the higher ranges the priming blood had been drawn some time before the perfusion. Moreover, typing and cross matching tests were not performed upon these dogs. The average drop in the number of platelets was 60% after one hour of perfusion. Scalabrino, Curtarelli, and Bianchi (1954) have shown that heparinization of blood alone may temporarily reduce the platelet count to 50% of the normal value.
Morbidity and Mortality.-Thirteen of 15 dogs were long-term survivals. One death occurred in an emaciated dog (No. 80) which had pneumonia at the time of surgery. This animal awoke immediately after perfusion and was walking within two hours, but died two days post-operatively with a severe pulmonary infection. The other fatality (No. 774), although the animal was alert and walking three hours post-operatively, died 12 hours later. This experiment was the only one in which post-operative bleeding was a problem. Five hundred millilitres of blood were aspirated from the animal's chest during the first eight hours after the perfusion. The final platelet count was 160,000. A study of this protocol indicates that very probably inadequate haemostasis was the cause of the abnormal blood loss, and death was due to hypovolaemic shock.
Most of the dogs were up and walking within four hours after operation. There were no neurological signs suggesting either embolism or cerebral anoxia in any animal.
DISCUSSION
Fundamentally, the sheet oxygenator described above differs in but one feature from the oxygenator which has been utilized effectively upon more than 200 patients. A shortened twodimensional settling chamber has been substituted for the longer three-dimensional helix as the means of bringing about the ultimate removal of gaseous bubbles from arterialized blood.
The helix is, in effect, an inclined column of approximately 10 ft. in length which compels through physical forces the upward lamination of bubbles, directing them away from the arterial outflow at the lower level. Based upon the broad experimental and clinical experience, there is no question of the efficacy of this helical design. The helix has proved to be an absolute barrier to the outward progression of bubbles from the oxygenator. However, this three-dimensional form does not lend itself readily to a unified oxygenator design.
The oxygenator presented in this report has in effect a "two-dimensional helix" in the form of three relatively short inclined columns with a total length of less than 5 ft.
At the outset of these studies it was clear to us that the crucial question to be resolved experimentally was the safety and efficiency of this type of settling chamber. We now wish to report that in practice this shortened two-dimensional settling tube too has proved to be completely dependable. Certainly the reservoir of blood in the debubbling chamber serves as an excellent initial barrier to the passage of bubble-containing blood. Bubbles have never been seen in the middle or lower inclined planes of this oxygenator during perfusions. Only rarely have bubbles been noted in the proximal portion of the uppermost inclined plane and this only when the level of blood was extremely low in the debubbling chamber.
As a further and extreme test of the safety of this debubbling mechanism large amounts of air (300 to 400 ml.) were injected directly into the lowest inclined plane during some of the perfusions. This injected gas, each time, was observed to rise rapidly as a bolus into the debubbling chamber and was eliminated through the exhaust vent. One of the animals undergoing this test was sacrificed immediately after the perfusion and the dural vessels were examined carefully for evidence of gaseous embolization. No trace of this complication was seen.
In those animals undergoing cardiotomy the blood sucked out of the open heart has been returned for use again to a reservoir inserted into the lower aspect of the oxygenator between the two sheets of polyvinyl plastic. This cardiotomy sucker unit is similar to that used clinically in the helix reservoir oxygenator (Lillehei, Warden, DeWall, Adams, Ferguson, and Varco, 1957 (Adams, Lucas, Ferguson, and Lillehei, 1956) , the successful curative management of this type of case with advanced occlusive pulmonary vascular disease remains a vexing and, to a large extent, unsolved problem. CONCLUSIONS A bubble oxygenator has been described which is constructed of two sheets of polyvinyl plastic, and the desired chambers and channels are delineated by a heat seal of the plastic material. This is a complete, self-contained, ready-to-use, sterile unit which will be commercially available in the U.S.A.
This latest model has resulted from research, evaluation, and development applied to several different designs. Perfusion data regarding these preliminary models have been presented briefly, Thirteen of the 15 dogs were long-term survivals. These perfusion data compare very favourably with results gathered on our present clinical pump-oxygenator, which has been used on more than 200 patients and has served as the tested prototype for the principles of the oxygenator design presented herein. Most of these dogs were alert and walking within four hours after perfusion. None showed neurological signs of embolism or cerebral anoxia. Only one animal had any degree of excessive bleeding, and this appeared attributable to careless haemostasis.
A new pump (adjustable rotating cam principle) has also been tested and evaluated. This pump is compact, quiet, and has an output up to 4,000 ml. /min. This sheet oxygenator has been utilized in three patients for the repair of ventricular septal defects.
The perfusions in all were successful. One patient with severe pulmonary hypertension died 24 hours post-operatively. Necropsy revealed advanced intimal proliferation in the pulmonary arterioles as the cause of death.
